In mid-Middle Cambrian time, shallow-water sedimentation along the Cordilleran passive margin was abruptly interrupted by the development of the deep-water House Range embayment across Nevada and Utah. The Marjum Formation (330 m) in the central House Range represents deposition in the deepest part of the embayment and is composed of five deep-water facies: limestone-argillaceous limestone rhythmites; shale; thin carbonate mud mounds; bioturbated limestone; and cross-bedded limestone. These facies are cyclically arranged into 1AE5 to 30 m thick parasequences that include rhythmite-mound, rhythmite-shale, rhythmite-bioturbated limestone and rhythmite-cross-bedded limestone parasequences. Using biostratigraphically constrained sediment accumulation rates, the parasequences range in duration from 14 to 270 kyr. The mud mounds are thin (<2 m), closely spaced, laterally linked, symmetrical domes composed of massive, fenestral, peloidal to clotted microspar with sparse unoriented, poorly sorted skeletal material, calcitized bacterial(?) filaments/tubes and abundant fenestrae and stromatactoid structures. These petrographic and sedimentological features suggest that the microspar, peloids/clots and syndepositional micritic cement were precipitated in situ from the activity of benthic microbial communities. Concentrated growth of the microbial communities occurred during periods of decreased input of fine detrital carbonate transported offshore from the adjacent shallow-water carbonate platform. In the neighbouring Wah Wah Range and throughout the southern Great Basin, coeval mid-Middle Cambrian shallow-water carbonates are composed of abundant metre-scale, upwardshallowing parasequences that record high-frequency (10 4 )10 5 years) eustatic sea-level changes. Given this regional stratigraphic relationship, the Marjum Formation parasequences probably formed in response to high-frequency sealevel fluctuations that controlled the amount of detrital carbonate input into the deeper water embayment. During high-frequency sea-level rise and early highstand, detrital carbonate input into the embayment decreased as a result of carbonate factory retrogradation, resulting in the deposition of shale (base of rhythmite-shale parasequences) or thin nodular rhythmites, followed by in situ precipitated mud mounds (lower portion of rhythmite-mound parasequences). During the ensuing high-frequency sea-level fall/lowstand, detrital carbonate influx into the embayment increased on account of carbonate factory progradation towards the embayment, resulting in deposition of rhythmites (upper part of rhythmite-mound parasequences), reworking of rhythmites by a lowered storm wave base (cross-bedded limestone deposition) or bioturbation of rhythmites by a weakened/lowered O 2 -minimum zone (bioturbated limestone deposition). This interpreted sea-level control on offshore carbonate sedimentation patterns is unique to Palaeozoic and earliest Mesozoic deepwater sediments. After the evolution of calcareous plankton in the Jurassic, the presence or absence of deeper water carbonates was influenced by a variety of chemical and physical oceanographic factors, rather than just physical transport of carbonate muds.
INTRODUCTION
Much of the understanding of Palaeozoic eustasy comes from the study of relatively shallowmarine cratonic deposits. This emphasis is because shallow-marine deposits are most sensitive to eustatic change, and deeper water deposits lying outboard of the craton are commonly buried or deformed by subsequent tectonic events. Where correlative deeper water deposits are preserved, however, they provide an opportunity to evaluate potential linkages between various scales of sea-level change and associated sea-water chemistry and physical oceanographic changes. These are best recorded in deeper water deposits because they represent a more continuous record of sedimentation.
An instructive example of deeper water cratonic deposits is found in the Cambrian House Range embayment of western Utah and Nevada (Fig. 1 ). This fault-generated basin accumulated nearly 1000 m of deeper water Middle to Upper Cambrian carbonates and fine siliciclastics. The majority of these deposits display sedimentary cyclicity at various scales including centimetre-scale (rhythmites), metre-scale (parasequences) and 100 m scale depositional sequences. Of particular interest is that many of the parasequences are defined by the presence of thin, laterally linked, carbonate mud mounds that can be correlated across the deepest water portion of the embayment. In addition, coeval shallow-water deposits across most of the Great Basin also display prominent cyclicity at a similar scale to that observed in the embayment (e.g. Bond et al., 1991; Montañ ez & Osleger, 1993) , thus permitting a comparison between coeval shallow-and deep-water deposits.
The main objectives of this paper are to: (1) describe and interpret the origin of deeper water carbonate mud mounds in the upper Marjum Formation; (2) describe metre-scale parasequences (which include the mud mounds) occurring throughout the Marjum Formation; and (3) integrate local sedimentological and regional stratigraphic data to interpret the origin of the parasequences.
GEOLOGICAL AND STRATIGRAPHIC SETTING
During latest Proterozoic to Late Devonian time, 4-7AE5 km of carbonate and siliciclastic marine deposits accumulated along the western edge of North America (Stewart & Poole, 1974; Levy & Christie-Blick, 1991) . This westward-deepening, passive margin extended from north-western Canada to Mexico and was bordered on its landward side (east) by the Transcontinental Arch (Stewart, 1991) . During the Cambrian, both eastern and western margins of North America were characterized by persistent, but temporally shifting, carbonate and siliciclastic facies belts (Robison, 1960; Aitken, 1978 Aitken, , 1997 . The inner detrital facies belt lay closest to the craton and is composed of shale, siltstone and sandstone; the middle carbonate belt (shallow-water carbonates) was situated seaward of the inner detrital belt. The outer detrital belt lay furthest offshore and is composed of shale and argillaceous carbonates of deeper water origin. In the western USA, the early Middle Cambrian shoreline (and associated inner detrital facies belt) trended approximately north-south and was located along the UtahColorado border and central Arizona (Fig. 1A) .
In the mid-Middle Cambrian, north-southtrending, passive-margin sedimentation patterns were disrupted by the development of a deeper water cratonic embayment that extended across the former shallow-water carbonate platform in the vicinity of central Nevada and western Utah (House Range embayment; Fig. 1 ; Robison, 1964; Rees, 1986) . The abrupt development of the House Range embayment resulted from vertical tectonic movements along a south-west-north-east-trending normal fault, with the central and northern House Range of western Utah occupying the downthrown block ( Fig. 1 ; Kepper, 1976; Brady & Koepnick, 1979; Rees, 1986) . At its largest, the House Range embayment extended over 120 km from north to south and 400 km from east to west (non-palinspastic distances; Rees, 1986) . The northern margin maintained a ramp geometry throughout the embayment's lifespan; the geom-etry of the southern margin is not well constrained because of the lack of Middle Cambrian outcrops in the southern House Range. By latest Cambrian time, the embayment was completely filled, and shallow-marine deposition resumed along a north-trending passive margin (Fig. 1B) . Robison, 1964) . Approximate position of Middle Cambrian shoreline shown by dashed line (from Stewart & Suczek, 1977) . (B) Schematic north-south depositional profiles across the House Range embayment during early and late Bolaspidella time. Note that the northern margin remains gentle throughout the embayment's lifespan.
The Middle Cambrian Marjum Formation conformably overlies the deep-water Wheeler Shale and is conformably overlain by the deep-water Weeks Limestone (Figs 2 and 3 ). The Marjum Formation spans the majority of the Bolaspidella zone (polymerid trilobites) or part of the Ptychagnostus atavus, Ptychagnostus punctuosus and lower Lejopyge laevigata zones (agnostid trilobites; Fig. 2 ; Robison, 1976 Robison, , 1984 .
FACIES DESCRIPTION
In the central House Range study area, the Marjum Formation is 330 m thick and accumulated within the deepest part of the House Range embayment. It is composed predominantly of deep-water 'rhythmites' (thin, interbedded limestone and argillaceous limestone beds) and subordinate shales (Fig. 3) . The upper 70 m are characterized by deep-water rhythmites interbedded with thin (<2 m) carbonate mud mounds. In the study area, there are five depositional facies recognized in the Marjum Formation including:
(1) limestone-argillaceous limestone rhythmites; (2) carbonate mud mounds; (3) shale; (4) bioturbated limestone; and (5) cross-bedded limestone facies. Facies interpretations are given after the geochemical analysis discussion.
Rhythmite facies
The thin, interbedded limestone and argillaceous limestone beds of the rhythmite facies are strikingly uniform in thickness and lateral continuity (Fig. 4A) . Dark grey limestone beds are 2-10 cm thick and are characterized by laminated to massive pelleted microspar (originally micrite) with sparse sponge spicules and burrows, rare agnostid trilobites and rare ripple cross-laminae (with eastward or onshore palaeoflow directions). The majority of grains are less than 50 lm (medium to coarse silt size), oval, moderately well sorted, medium to dark brown pellets composed of microspar that float within the microspar matrix, forming a pellet wackestone to packstone texture (Fig. 4B) Hintze & Robison, 1975). sorted, silt-size carbonate grains from peloids, which are larger (fine to medium sand size), more irregular in shape and more poorly sorted. Laminated argillaceous limestone layers (0AE25-10 cm thick) are composed of tan to reddish, dolomitic, argillaceous pelleted microspar with sparse sponge spicules and agnostid trilobites. The argillaceous material is composed of subangular quartz silt and illite, and ranges in abundance between 10 and 70 weight per cent (wt%) vs. 5-25 wt% in limestone layers. The fine skeletal material in both layers is abraded, and trilobite carapaces generally lie with their concave side up, suggesting deposition from suspension settling.
Individual limestone-argillaceous limestone couplets range in thickness from 3 to 20 cm and average 5 cm (Fig. 4A) . Contacts between limestone and argillaceous limestone beds are commonly accentuated by compaction and pressure solution; however, gradations (over <0AE25 cm) between the two rock types also occur. Laminae in both rock types are defined by submillimetrethick graded pellet and microspar layers. The majority of individual limestone and argillaceous limestone beds are strikingly uniform in thickness and lateral continuity (i.e. they form parallelbedded layers) (Fig. 4A) . A consistent exception to this occurs in the upper Marjum Formation; 10-60 cm below each carbonate mud mound layer, individual limestone layers decrease in thickness and become nodular, whereas underlying and overlying argillaceous limestone layers maintain similar thicknesses (Fig. 5) . This decrease in limestone bed thickness occurs beneath carbonate mud mounds as well as thinner intermound deposits (Fig. 5) during burial compaction was not the cause; if it were, the limestone beds would thin more directly beneath the carbonate mud mounds than in intermound areas.
The proportion of limestone to argillaceous limestone in individual rhythmite couplets varies throughout the formation. Intervals of argillaceous limestone-dominated rhythmites (intervals in which argillaceous limestone beds are thicker than interbedded limestone beds) vary in thickness from several metres to decimetres and predominate in the lower and middle Marjum Formation (Fig. 3) . Intervals of limestone-dominated rhythmites (individual limestone beds thicker than interbedded argillaceous limestone beds) dominate the middle and parts of the upper Marjum Formation (Fig. 3) . Contacts between limestone-dominated vs. argillaceous limestonedominated stratigraphic intervals are gradational over tens of centimetres.
Carbonate mud mound facies
The Marjum Formation carbonate mud mounds are carbonate buildups with depositional relief above the sea floor and are composed dominantly of carbonate mud and peloidal mud, i.e. they are not framework supported (Bosence & Bridges, 1995) . Marjum Formation mud mounds are small symmetrical, dome-shaped buildups that are 0AE4-2 m thick and between 0AE5 and 2 m in diameter. Deep-water stratigraphic cyclicity and carbonate mud mound development 1027 facies, except that the intermound beds lack topographic relief (Fig. 5) . The mud mound slopes range from 10°to 50°. Within each mud mound-bearing bed, individual mud mounds were spaced laterally in a three-dimensional array along the sea floor (Fig. 6) . Between 11 and 14 mud mound layers occur across the field area; the greatest number of mud mound layers occurs in the most western stratigraphic Section I (situated in a more offshore location).
Mud mounds are composed of medium to dark grey, clotted to peloidal microspar with abundant fenestrae and stromatactoid structures, sponge spicules, and rare trilobites (Fig. 7) . The microspar (originally micrite) grades from distinct oval to spherical peloids (60-100 lm; very fine sand) to vague clotted textures surrounded by light brown to clear microspar (Fig. 7B) . Unabraded monaxon and tetraxon sponge spicules are replaced by calcite and float within the microspar; trilobite bioclasts are poorly sorted, unoriented and show little evidence of abrasion. Scanning electron microscope (SEM) analysis of the microspar, peloids and clots reveals submicrometrewide, calcitized filaments and tubes in voids between calcite crystals (Fig. 8A) .
Fenestrae are abundant in all mud mounds (locally comprising up to 30% of the rock) and are slightly less abundant in intermound deposits. Fenestrae are irregular to elongate (subparallel to bedding) in shape and range from a few millimetres to 1 cm in length and height (Fig. 7B) . They are filled with coarse, cloudy calcite cement, which is irregularly replaced by microcrystalline quartz or, less commonly, by coarse, equant quartz crystals.
Stromatactoid cavities are most abundant and largest in the cores of mud mounds; however, they also occur within intermound deposits. Stromatactoid cavities are between 0AE5 and 7 cm thick and a few centimetres to tens of centimetres long; most are oriented subparallel to bedding, but vertical to near-vertical cavities commonly connect adjacent horizontal cavities (Fig. 8B) . Cavity roofs and floors vary from smooth to irregular and are filled by a combination of fine geopetal sediment and/or coarse calcite cement. If geopetal sediment is present, it lies directly on the cavity floor and does not alternate with the cements. The unfossiliferous geopetal sediment ranges from microspar to peloidal microspar and is massive or rarely laminated. The first generation of stromatactoid cement is composed dominantly of inclusion-rich, isopachous bladed calcite (< 1 mm-long crystals; clear in hand specimen); the second generation is characterized by inclusion-rich, equant, very coarse calcite (3-8 mm; white in hand specimen). Stromatactoid structures are always associated with fenestrae; in particular, fenestrae are more concentrated directly above stromatactoid roofs. 
Shale facies
The shale facies is most common in the lower and middle Marjum Formation and occurs as 0AE5 to 11 m thick intervals (Fig. 3) . The shale is composed of dark grey, fissile to platy, calcareous clayshale to mudshale with sparse agnostid trilobites and rare bioturbation. Near contacts with associated rhythmites, the shale contains centimetre-thick, laterally discontinuous lenses of fine pelletal microspar (Fig. 10) . Contacts with rhythmite facies are gradational over tens of centimetres. Rogers (1984) studied shales within the lower Marjum Formation 5 km north of the study area and reported graded laminae, rare soft-sediment deformation folds and low-angle truncation surfaces. Fine current-oriented agnostid trilobites, fragmented filamentous algae and rare tool and sole marks were also recorded.
Bioturbated limestones
In the lower Marjum Formation, rhythmite facies are interbedded with thin (0AE3-2 m thick), bioturbated to slightly nodular-bedded limestones ( brachiopods and sponge spicules) and rare laminae. Contacts with parallel-bedded rhythmite facies are sharp or gradational over a few centimetres.
Cross-bedded limestones
Five cross-bedded limestone beds (10-30 cm thick) are present in the middle Marjum Formation. They are composed of pelletal microspar with sparse bioturbation (Fig. 10 ). These beds contain well-preserved dune forms between 7 and 15 cm high, with 0AE3-1 m wavelengths and nearly symmetrical, north-south-trending crests. Slight but consistent asymmetry of dune forms indicates eastward-directed (onshore) dune migration.
SEDIMENTARY CYCLICITY
Cyclic repetition of the five depositional facies defines metre-to decimetre-scale packages termed parasequences. Four parasequence types ( 
Parasequences

Rhythmite-mound parasequences
Rhythmite-mound parasequences (2-24 m thick) are present in the upper 70 m of the Marjum Formation (Fig. 3) . A typical parasequence consists of a 10-50 cm base of nodular-bedded rhythmites overlain by mud mound facies, which are sharply overlain by parallel-bedded rhythmites (Figs 5 and 10). The contacts between stacked parasequences are gradational over <20 cm. Ten rhythmite-mound parasequences are correlated across the study area ( Fig. 9 ).
Rhythmite-shale parasequences
Ten rhythmite-shale parasequences (6-30 m thick) are present in the lower and middle Marjum Formation (Fig. 3) . They are characterized by a thin, basal interval of shale interbedded with rare limestone lenses, gradationally overlain by uniform shale and gradationally capped by rhythmite facies (Fig. 10) Deep-water stratigraphic cyclicity and carbonate mud mound development 1031 successive parasequences is commonly gradational over <0AE5 m.
Rhythmite-bioturbated limestone parasequences
Twelve stacked rhythmite-bioturbated limestone parasequences (1AE5-6AE5 m thick) occur in the middle Marjum Formation (Fig. 3 ) and are characterized by basal nodular-bedded rhythmite facies gradationally overlain by bioturbated limestone facies (Fig. 10) . Contacts between parasequences are sharp.
Rhythmite-cross-bedded limestone parasequences
Three of these parasequences occur in the middle Marjum Formation (1AE5-6 m thick; Fig. 3 ). They are composed of rhythmite facies abruptly overlain by cross-bedded limestone facies ( Fig. 10 ). Contacts between parasequences are sharp.
Parasequence duration
The average duration of parasequences is estimated using parasequence thickness divided by average sediment accumulation rates. Accumulation rates were calculated using the total stratigraphic thickness of Middle Cambrian deposits in the central House Range (thickness of 1020 m defined by trilobite zones; Robison, 1984) divided by the duration of the Middle Cambrian. The duration of the Middle Cambrian varies widely depending on which time scale is used (see for example Elrick & Hinnov, 1996) . Recently, Bowring & Erwin (1998) reported an isotopic age for the top of the Middle Cambrian at 500 Myr (no uncertainties cited), and the base of the Middle Cambrian is reported at 509 Myr (Young & Laurie, 1996 ; no uncertainties cited). Using this 9 Myr duration for the Middle Cambrian results in an average sediment accumulation rate within the study area of 11 cm kyr )1 . This rate lies within the range determined for the central House Range stratigraphic thickness using a variety of published Cambrian time scales (4-21 cm kyr )1 ; Elrick & Hinnov, 1996) . Given the 11 cm kyr )1 average sediment accumulation rate calculated in this study, the Marjum Formation parasequences range in duration from between 14 and 270 kyr.
GEOCHEMICAL ANALYSIS
To aid in interpreting the origin of the mud mounds and the controls on their formation, the Marjum Formation was sampled for weight per cent insoluble residues (wt% IR), total organic carbon content (TOC) and stable isotope analysis.
Methods
Insoluble residues
At selected stratigraphic sections, rhythmite limestone layers were collected every 1AE5 m, then every 10 cm directly below mud mounds. In addition, various mud mounds at each measured section were collected, producing a total of 115 samples. Samples were powdered, weighed, then dissolved in 0AE5 m HCl for 24 h. Insoluble residues were filtered and dried overnight, then reweighed to determine the wt% IR.
Total organic carbon
A smaller subset of samples from rhythmite limestone, argillaceous limestone, mud mound and shale facies were collected for TOC analysis (44 samples). TOC values were determined using a colorimetric method for carbon determination (Metson, 1961) . Organic carbon was extracted by dissolution with HCl, followed by organic matter oxidation with chromium trioxide. Measurements of total chromium trioxide used for oxidation were determined by spectrophotometric comparison with a sucrose standard (Blakemore et al., 1987) .
Stable isotopes
The same suite of samples collected for insoluble residues was analysed for carbon and oxygen isotopes (except Section C; Fig. 9 ); in addition, two samples of stromatactoid cement were analysed, producing a total of 80 samples. Analyses were conducted on bulk rock (pelleted and peloidal microspar) and individual crystals of stromatactoid cement. Carbonate samples were reacted under vacuum with purified orthophosphoric acid (McCrea, 1950) and measured on a Finnigan MAT Delta E isotope ratio mass spectrometer at the University of New Mexico. Reproducibility on replicated samples and the standard was better than 0AE1% for both carbon and oxygen isotopes. All isotope data are reported using the conventional d notation relative to VPDB.
Results
Insoluble residues
The wt% IRs of mud mounds ranged between 3 and 10 wt% (average 6AE6 wt%). Weight per cent IR for rhythmite limestone ranges between 5 and 24 wt% (average 14AE3 wt%) (Fig. 11A , Table 1 ). The lower wt% IR in mud mounds indicates that, during mud mound deposition, either less siliciclastic material reached the basinal study area and/or carbonate accumulation and early cementation related to mud mound formation diluted the background siliciclastic influx.
Total organic carbon
TOC values range from below detection limits (0AE1 wt%) to 0AE85 wt%, with shale facies containing the highest TOC values and rhythmite facies typically containing below 0AE3 wt%. No TOC trends were observed between rhythmite and mud mound facies.
Stable isotopes
Carbon isotope values from rhythmite limestones range between )1AE53& and +1AE35&, with an average of +0AE52&, whereas d Veizer et al., 1999) , whereas 40% of the rhythmite limestone samples have values that are less than the Middle Cambrian range (Fig. 11B ). This trend may reflect syndepositional to very early diagenetic marine cementation of mud mound limestones and a more closed pore fluid system during diagenesis. Rhythmite limestones display little evidence of syndeposition/early marine cementation, and thus their oxygen isotope values were more likely to be reset to lower values during burial diagenesis. The two stromatactoid cement samples have the highest d
18 O values and some of the lowest d
13
C values (Fig. 11B) . The low d
13 C values may reflect some influence of organic matter diagenesis. (Marshall, 1992 Braiser, 1993; Montañ ez et al., 1996 Montañ ez et al., , 2000 Saltzman et al., 1998) and globally (Veizer et al., 1999) . The similarity of d
13 C values for both facies and their near-zero mean values indicate that the fluids responsible for mud mound carbonate precipita- tion were not sourced from: (1) methane-bearing or magmatic fluids (e.g. Beauchamp & Savard, 1992; Mounji et al., 1998) ; (2) 12 C-enriched fluids affected by organic matter diagenesis; or (3) fluids generated during bacterial fermentation (Wu & Chafetz, 2002) . In the first two cases, the d 13 C values would be expected to be significantly lower than the observed range, whereas bacterial fermentation strongly fractionates carbon isotopes with the CO 2 (and consequently the bicarbonate) generated having distinctly positive d
13 C values (Irwin et al., 1977; Anderson & Arthur, 1983; Wu & Chafetz, 2002) . Instead, we interpret the carbon isotope values of the mud mounds to reflect precipitation from deeper (substorm wave base) marine or near-marine sea water.
FACIES INTERPRETATIONS
Rhythmite facies
Limestone and argillaceous limestone beds contain laminae, rare oriented skeletal fossils and Deep-water stratigraphic cyclicity and carbonate mud mound development 1035 rare ripple cross-laminae, suggesting deposition in quiet waters below and near storm wave base; the paucity of bioturbation suggests low bottomwater oxygen levels related to an O 2 -minimum zone. Individual submillimetre-thick graded laminae are interpreted to represent suspensionsettling deposition from a single storm event or single dilute density current; therefore, each limestone and argillaceous limestone bed contains many tens to hundreds of events. Calcareous plankton such as planktonic foraminifera and coccolithophorids did not evolve until the Mesozoic, so the majority of fine carbonate is most likely detrital in origin and was probably generated in shallow-water regions and transported offshore by seaward-directed currents. Some of the fine carbonate also includes micritic cement. Spectral analysis of the Marjum limestoneargillaceous limestone couplets reveals peaks with wavelengths of between 4 and 9 cm and, using a range of biostratigraphically controlled sediment accumulation rates (4-21 cm kyr )1 ; Elrick & Hinnov, 1996) , this suggests that the individual limestone-argillaceous limestone cou- 
plets represent between 200 and 2100 years (millennial scale; Elrick & Hinnov, 1996) . Sedimentological and spectral results indicate that the rhythmic interbedding represents very short-term fluctuations in: (1) fluvial and/or aeolian material derived from the exposed craton (Transcontinental Arch); or (2) the intensity or location of storm-generated or dilute density currents that transported fine detrital carbonate offshore into the deep-water embayment. Both these might be controlled by short-term tectonic, eustatic or climate changes. Given the stratigraphic and lateral persistence of the rhythmites within the study area, the occurrence of millennial-scale records in other Palaeozoic-Mesozoic deeper water successions (Anderson, 1982; Burchell et al., 1990; and the strong millennial-scale signal in many PleistoceneHolocene records (e.g. Pisias et al., 1973; Grootes et al., 1993; Bond & Lotti, 1995; Raymo et al., 1998; Bond et al., 2001) , it is likely that the Marjum rhythmites represent climatically controlled changes in the fine terrigenous and/or detrital carbonate fluxes.
Mud mound facies
Carbonate mud mounds occur in deep-water deposits ranging in age from Proterozoic to Cretaceous, but are most notable in the Palaeozoic (Table 3 ). The origin of the mud and peloidal mud in Palaeozoic mud mounds is derived from either: (1) in situ organic production by microbialmediated precipitation and/or degradation of delicate skeletons; or (2) external sources and hydrodynamically concentrated to form mud mounds (Monty, 1995 and references therein) . For the Marjum mud mounds, a combination of petrographic, sedimentological and stratigraphic observations indicates an in situ origin for the carbonate mud (now microspar) and peloids. Most importantly, their three-dimensional growth array on the sea floor (Fig. 6 ) and their symmetric shape argue against hydrodynamic concentration of fine detrital carbonate by bottom currents. In addition, it is unlikely that settling of fine detrital carbonate or mud from whitings could have generated the buildups. The grain size, fossil size and orientation and extent of grain-size sorting is distinct between mud mound and associated rhythmite facies, suggesting different sediment sources and transport histories. In particular, massive mud mounds are composed of fenestral, peloidal microspar with calcitized bacterial(?) filaments/tubes, sparse unoriented, unabraded and poorly sorted skeletal material; these latter features are inconsistent with deposition by normal hydraulic processes. On the other hand, rhythmite limestones contain laminae of silt-size pellets and microspar, with rare oriented and abraded fine skeletal material; these features suggest deposition from discrete, successive depositional episodes (suspension-settling events).
In addition to an in situ origin for the fine carbonate, several lines of evidence suggest that the mud mounds were bound by micritic cement and/or were biologically stabilized during or very soon after deposition: (1) the lack of slump or gravity flow deposits along mound flanks, despite the fact that many mound slopes are greater 35°; (2) little or no evidence for internal mound compaction; and (3) abundant stromatactoid cavities filled with fine geopetal sediment and sparfilled fenestrae.
Apart from the calcitized filaments and tubes, there is no direct evidence for the presence of a lime mud-producing organism, but a combination of circumstantial evidence best fits a microbial origin. It is now well documented that certain ancient and modern types of bacteria produced carbonate mud and peloids (e.g. Morita, 1980; Chafetz, 1986; Monty, 1995; Reid & Macintyre, 2000; Riding, 2000) . They produce carbonate in two main ways: (1) by secreting an extracellular polymeric material (slime and filaments combining to form a mucilaginous biofilm) that scavenges Ca
2+
, Mg 2+ and HCO 3 2-from the ambient waters and kinetically favours CaCO 3 formation; and/or (2) by having a cell coat that acts as a template for adsorbing Ca 2+ , Mg 2+ and HCO 3 2-and forms CaCO 3 . The abundant peloids/clotted microspar are interpreted to represent fine-grained carbonate precipitated within and around clumps of bacteria (Chafetz, 1986) . The active upper portions of the bacterial biofilms are responsible for the generation of the fine-grained carbonate and micritic cement. Where present, the mucilaginous character of the biofilm would have stabilized the mound surface, prevented erosion and discouraged settlement by many infaunal and epifaunal organisms, thus reducing competition for the microbial communities. The extracellular biofilm and bacterial cell walls can continue to produce fine-grained carbonate even after cell death (Monty, 1995) , meaning that carbonate precipitation probably continued into shallow burial and provided additional mud and cement. The occurrence of abundant fenestrae throughout the mud mound and intermound facies is interpreted to represent the decay of buried bacterial Deep-water stratigraphic cyclicity and carbonate mud mound development 1037 communities/mats and trapping of gas within the cohesive deposits.
The three-dimensional spacing of mud mounds separated by thinner intermound deposits implies that, during their development, the entire sea floor within the study area was colonized by microbial communities generating micrite and peloids. Microbial activity and therefore mud James & Gravestock (1990); 1c, Pratt (1989a); 2a, Read (1982) ; 2b, Ross et al. (1975); 2c, Pratt (1989b 2c, Pratt ( , 1995 3a, De Freitas & Dixon (1995) (mounds A and C, Fig. 2) ; 3b, Sonderholm & Harland (1989) ; 3c, Textoris & Carozzi (1964) ; Lehmann & Simo (1989); Pratt (1995); 4a, Brachert et al. (1992) ; Dumestre & Illing (1967); 4b, Flajs & Hussner (1993); 4c, Dreesen et al. (1985) ; Pratt (1995) ; 5a, Stone (1972) ; ; 5b, Pray (1961); Jeffery et al. (1996) ; 5c, Lees & Miller (1995) ; Bridges et al. (1995); Pratt (1995) ; Meyer et al. (1995); 6a, Davies et al. (1989) ; 7a, Liu et al. (1991) .
and peloid production was locally concentrated within regularly spaced, metre-wide regions that eventually formed the small mud mounds (Fig. 6) . It is not understood what originally controlled this regular spacing.
Stromatactoid origin
The mechanism of stromatactis (or stromatactoid) cavity formation in mud mounds remains uncertain. The most current ideas include: (1) decay of siliceous sponge bodies (Bourque & Gignac, 1983; Bourque & Boulvain, 1993) ; (2) patchy hardground formation or microbial growth and subsequent submarine erosion of surrounding unbound sediment (Bathurst, 1980 (Bathurst, , 1982 Pratt, 1982 Pratt, , 1995 ; or (3) winnowing of unbound sediment by through-flowing pore waters below the sediment-water interface (Wallace, 1987) or by winnowing on the sea floor (Matyszkiewicz, 1993) . Observations from the Marjum stromatactoid structures do not support an origin related to siliceous sponge body decay because: (1) geopetal sediments within stromatactoid structures lack sponge spicules (at least some spicules would be expected if the cavities were related to sponge collapse and decay); (2) unlike examples provided by Bourque & Boulvain (1993) , there are no mud mounds that display transitions between well-preserved, recognizable sponge bodies to poorly preserved sponges indicated only by variably abundant sponge spicules; instead, the Marjum mounds are consistently composed of peloidal microspar with variably abundant sponge spicules; and (3) modern and previously documented fossil sponges do not attain growth morphologies with the geometry and scale implied by the model of Bourque & Boulvain (1993; for additional arguments, see Pratt, 1986) . If bottom currents or escaping pore fluids removed unbound or non-cohesive sediments and formed the cavities, it seems likely that some additional evidence for sediment reworking or winnowing (scours, ripples, reworked skeletal material) would be apparent within the mud mound deposits, particularly given the current velocities and persistence required to remove the volume of sediment represented by the cavities. No evidence for current reworking or winnowing is observed in the Marjum mud mounds. At the same time, it is clear from the abundant early cement within stromatactoid cavities and fenestrae that large amounts of fluids passed through the sediment; the origin of these fluids is not well constrained.
What can be interpreted from the Marjum stromatactoid cavities is that they formed before significant burial and compaction because the cavities are commonly filled with marine geopetal sediment that could not have infiltrated into the cavities once they were buried more than a few tens of centimetres below the sea floor. In addition, the preservation of large cavities indicates that at least the first generation of internal isopachous marine cement precipitated before compaction.
Shale facies
The fine grain size, the preservation of suspension laminae and the rare occurrence of unidirectional current-oriented fossils and sole and tool marks (Rogers, 1984) suggest deposition from siliciclastic-rich, dilute density currents in relatively quiet, poorly oxygenated waters below storm wave base (within the O 2 -minimum zone). Palaeoflow and palaeoslope indicators from fossils, soft-sediment folds and truncation surfaces indicate a south-west to west-dipping palaeoslope and turbidity current flow towards the south-west (Rogers, 1984) . However, palaeoflow directions from interbedded cross-bedded limestone facies and rare rippled rhythmite facies indicate periodic eastward (onshore) current flows.
Previous workers have suggested that the fine siliciclastics in the Marjum and underlying Wheeler Formations were derived from the adjacent craton via bypass across the adjacent carbonate platform (Hintze & Robison, 1975; Rogers, 1984; Rees, 1986) or by aeolian transport (Dalrymple et al., 1985) . However, coeval, shallow-water deposits adjacent to the central House Range are composed of very pure carbonates. In addition, no localized siliciclastic bypass zone deposits are known within Middle Cambrian platform carbonates in Utah, southern Idaho or southern Nevada. This suggests that the fine siliciclastic material in the Marjum and Wheeler Formations was not transported offshore (westward) from the adjacent craton. Instead, it is proposed here that the fine siliciclastics were transported from north of the study area by deeper water (geostrophic?) currents. This interpretation agrees with regional studies by Aitken (1978 Aitken ( , 1997 in the Canadian Rocky Mountains, which indicate a persistent far northern source (near the British Columbia-North-West Territories border) for Middle Cambrian quartz and clay deposited in western Canada and as far south as northern Utah. A northern siliciclastic sediment Deep-water stratigraphic cyclicity and carbonate mud mound development 1039 source for the study area is supported by the palaeogeographic position of western North America during the Middle Cambrian (rotated 90°clockwise and less than 10-15°N of the palaeoequator; Scotese & Golonka, 1992; Scotese, 1997) , such that north-east palaeotrade winds probably controlled the general wind patterns in the study area.
Bioturbated limestone facies
This facies is interpreted as having been deposited in quiet, moderately oxygenated, substorm wave base waters based on the occurrence of the fine-grained texture, sparse trace fossils and benthic skeletal fossils and facies associations. The slight increase in bottom-water O 2 levels, with respect to associated rhythmite facies, may have resulted from a weakening or lowering of the O 2 -minimum zone, which may be related to:
(1) a decrease in surface water productivity and an associated decrease in O 2 demand for organic matter decomposition; or (2) a relative sea-level fall and an associated fall in the O 2 -minimum zone.
Cross-bedded limestone facies
Dune-crest orientation, asymmetry and stoss and lee preservation suggest deposition from oscillatory to eastward-directed, relatively energetic traction currents during times of relatively high sediment accumulation. The associated rhythmites have few if any wave-or current-generated sedimentary structures or textures, indicating that, during dune formation, storm wave base lowered in response to more intense storms (stronger winds) or a relative sea-level fall. The occurrence of some bioturbation suggests an increase in bottom-water O 2 levels (compared with interbedded rhythmites) concurrent with the lower storm wave base; as with the bioturbated limestone facies, the increase in O 2 levels may indicate a weakening/lowering of the O 2 -minimum zone or, more likely (given the lowered storm wave base), as a result of relative sea-level fall.
PARASEQUENCE ORIGINS AND DISCUSSION
Although the type of parasequence varies stratigraphically within the Marjum Formation, rhythmite facies occur in each type, and the average duration of each parasequence type is between 10 4 and 10 5 years (given the parasequence duration estimations discussed above). This indicates that, within the study area, deposition in quiet, poorly oxygenated waters below storm wave base (conditions during rhythmite deposition) was interrupted every 10 4 )10 5 years by environmental conditions that resulted in mud mound, shale, bioturbated limestone or crossbedded limestone facies deposition. From the facies interpretations discussed above, these environmental changes involved: (1) a decrease to near absence of detrital carbonate input into the embayment (mud mounds and underlying thin nodular rhythmites and shales respectively); (2) an increase in bottom-water O 2 levels (bioturbated limestone); or (3) a lowering of storm wave base concurrent with a slight increase in bottomwater O 2 levels (cross-bedded limestone).
To evaluate what mechanism(s) might control all three of these high-frequency palaeoenvironmental changes, the stratigraphic record of timeequivalent, shallow-water deposits was examined in other parts of the Great Basin. Approximately 60 km south of the study area in the Wah Wah Range (Figs 1 and 2 ), Middle Cambrian (Bolaspidella zone) shallow-water carbonates of the Eye of the Needle Limestone, Pierson Cove Formation and lower Trippe Limestone are characterized by stacked metre-scale, upward-shallowing subtidal and peritidal cycles (or parasequences). The cyclicity of these formations has been described by Kepper (1972 Kepper ( , 1976 , and a combined field and statistical analysis was undertaken by Bond et al. (1991) . The parasequences average between 3 and 5 m in thickness and are characterized by a repetition of facies formed in environments varying from shallow subtidal (burrow-mottled lime mudstone with thrombolites) to high-energy bars (oolitic grainstones) and to stromatolitic tidal flats (laminated dolomudstone to lime mudstone). Spectral analysis and the 'gamma method' age model indicate significant spectral peaks in the Trippe Limestone and Pierson Cove Formation, which correspond to Cambrian orbital eccentricity (127 kyr) and climatic precession (15 kyr) models (Bond et al., 1991) , i.e. preservation of high-frequency, sea-level fluctuations in these shallow-water carbonates.
Across the southern Great Basin, Middle and Upper Cambrian shallow-water carbonates are represented by the Bonanza King Formation (Fig. 2) . The Banded Mountain Member spans the Bolaspidella, Cedaria and Crepicephalus zones and is characterized by 150-250, upwardshallowing, subtidal and peritidal parasequences (1-7 m thick) (Montañ ez & Osleger, 1993; Montañ ez et al., 1996) . The average duration of the parasequences is estimated to range between 30 and 150 kyr, and these were interpreted by Montañ ez & Osleger (1993) and Montañ ez et al. (1996) to record high-frequency sea-level oscillations.
If the parasequences within the Bolaspidella zone of the Wah Wah Range and southern Great Basin record the effects of high-frequency, sealevel changes, this implies that the carbonate platform surrounding the House Range embayment was also affected by these oscillations. Although the magnitude of the oscillations was likely to be low (given the peritidal facies-dominated nature of the shallow-water parasequences and the paucity of evidence for Middle Cambrian continental ice sheets), deeper water environments may have been affected by eustaticinduced fluctuations in carbonate platform size (size and location of carbonate factory with progradation and retrogradation), depth to wave base and O 2 -minimum zone and offshore marine circulation patterns related to shoreline positions.
Based on stratigraphic interpretations from this study and previous studies of coeval shallowmarine carbonates, it is likely that the Marjum Formation parasequences developed in response to high-frequency (10 4 )10 5 years) sea-level fluctuations that controlled: (1) the amount of fine detrital carbonate reaching the House Range embayment; (2) the depth/intensity of the O 2 -minimum zone; and (3) the depth to storm wave base. The following depositional model is proposed. During time intervals when the House Range embayment was flooded by northern-derived, fine-grained siliciclastics (Figs 3 and 12B) , parasequences are composed of abundant shale (rhythmite-shale parasequences). Shale was deposited during high-frequency sea-level rise and early highstand, when the shallow subtidal carbonate factory along the northern House Range embayment ramp retrograded (northward) away from the study area. This would have increased the factory-to-basin distance, thus decreasing the amount of detrital carbonate reaching the basin from offshore-directed turbidity currents or storm-generated currents (Fig. 12B) . During the ensuing high-frequency sea-level falls, the carbonate factory prograded towards the embayment, decreasing the factory-to-basin distance and thus increasing the detrital carbonate input to the embayment from offshore-directed currents; this resulted in the deposition of rhythmite facies over basal shales (Fig. 12B) .
When the House Range embayment was dominated by deeper water carbonates rather than shale, rhythmite-mound, rhythmite-bioturbated limestone and rhythmite-cross-bedded limestone parasequences developed (Figs 3 and 12A) . During initial high-frequency sea-level rises, the carbonate factory retrograded northward, resulting in a decrease in detrital carbonate transported to the embayment (Fig. 12A) ; the initial detrital carbonate decrease is recorded by the thinning of limestone layers within rhythmites directly below each mud mound layer. In addition to limestone layer thinning, the nodular fabric of limestone layers directly below mud mounds is probably a result of differential early cementation, compaction and later pressure solution, which may be related to bioturbation (Scoffin, 1987) ; this bioturbation may indicate a slight increase in bottom-water O 2 levels concomitant with initial transgression. At maximum flooding, when the carbonate factory lay furthest from the embayment and the detrital carbonate input was lowest, deeper water microbial communities colonized the sea floor, leading to the in situ precipitation of fine-grained carbonate to form the mud mounds (Fig. 12A) . The microbially induced precipitation of lime mud, peloids/clots and micritic cement would have diluted the amount of terrigenous material within the mud mound facies and may explain why the insoluble residue contents are lower in mud mounds than in the associated rhythmite limestones. During high-frequency sea-level falls, the carbonate factory prograded towards the embayment, resulting in a greater input of detrital carbonate to the basin and deposition of rhythmite facies on top of the mud mounds (Fig. 12A) .
Rhythmite-bioturbated limestone and rhythmite-cross-bedded limestone parasequences are few in number and stratigraphically restricted to a carbonate-dominated interval within the middle Marjum Formation (Fig. 3) . This stratigraphic distribution is interpreted to be the result of high-frequency sea-level oscillations superimposed on an interval of longer term (third order or 1-5 Myr-scale) sea-level fall/lowstand. The accommodation space loss during longer term sea-level fall/lowstand would diminish the effects of carbonate factory retrogradation during high-frequency sea-level rises (cf. Goldhammer et al., 1990) ; thus, little or no change in detrital carbonate input was recorded, and rhythmites accumulated even during the high-frequency rises. The combined accommodation space loss during high-frequency and longer term sea-level Deep-water stratigraphic cyclicity and carbonate mud mound development 1041 fall/lowstand was great enough to: (1) lower storm wave base and rework the rhythmites to form cross-bedded limestones; and (2) lower the depth/ intensity of the O 2 -minimum zone, permit limited bioturbation of the rhythmites and form bioturbated limestones.
In this interpretation, shale, mud mound and underlying thin, nodular rhythmites are transgressive deposits, whereas rhythmite facies are regressive (highstand) and/or lowstand deposits. Bioturbated limestone and cross-bedded limestone facies are also regressive/lowstand deposits. This interpretation is opposite to the highstand shedding model of Schlager (1993) . who suggested that offshore carbonate deposition peaks during transgression/early highstand when shallow carbonate platforms are flooded and carbonate production rates are high, resulting in abundant offshore carbonate sediment transport (highstand shedding). In Schlager's model, during late highstand and lowstand, the shallow carbonate platform is exposed, resulting in a significant decrease in size or total loss of the carbonate factory, possible fluvial incising of the exposed platform and a resultant increase in siliciclastic sediment deposition within the basin. This highstand shedding model appears to be appropriate for flat-topped platforms; however, for ramp margin geometries, the carbonate factory migrates along the gently dipping slope, but is never fully lost during sea-level falls/lowstands (Burchette & Wright, 1992) . The House Range embayment's sensitivity to varying detrital carbonate input is supported by the fact that the northern embayment margin was a ramp throughout its lifetime (Figs 1 and 12 ) and, given Cambrian palaeogeography and general atmospheric circulation patterns, it is likely that this ramp margin contributed the most detrital carbonate material to the basin. For slopes of less than a few degrees, even slight changes in sea level will dramatically shift the position of the carbonate factory; the transport distances between the migrating factory and the deeper water embayment would be expected to vary significantly. However, the geometry of the southern embayment margin is not well understood because of the lack of Middle Cambrian outcrop between the central and southern House Range.
This interpreted sea-level control on detrital carbonate and siliciclastic sedimentation patterns and subsequent parasequence development is similar to that invoked by many authors (Aitken, 1978 (Aitken, , 1997 Markello & Read, 1981; Chow & James, 1987; Bond et al., 1989; Westhrop, 1989) for the development of larger scale, shale-carbonate sequences of Cambrian age (grand cycles of Aitken, 1978 Aitken, , 1997 . In each of these grand cycle depositional models, deeper water, shalerich intervals accumulated during long-term (third-order) sea-level rises (or during periods of increased sea-level rise rates) when the rate of accommodation space gain outpaced that of carbonate production (lower part of the grand cycle). During ensuing long-term sea-level fall (or during decreased rates of sea-level rise), carbonate production kept pace with or outpaced accommodation space gains, and shallow-water carbonates were deposited to form the upper part of the grand cycles. This pattern of shale-rich facies accumulating during third-order relative sea-level rise and carbonate-rich facies deposited on the fall is particularly well supported by Bond et al. (1989) , who documented repeated 2-6 Myr sealevel events that have similar timing in the southern Canadian Rockies, the Great Basin and the southern Appalachians, suggesting a eustatic control on Cambrian third-order sequences.
CONCLUSIONS
1 The Middle Cambrian Marjum Formation is dominated by thin, interbedded limestone and argillaceous limestone rhythmites, which were deposited in quiet, oxygen-poor waters below storm wave base. In the lower and middle Marjum Formation, the rhythmites are cyclically interbedded with deep-water shale and, less commonly, with bioturbated limestone and crossbedded limestone to form metre-to decimetrescale, rhythmite-shale and rhythmite-bioturbated limestone, and rhythmite-cross-bedded limestone parasequences. In the upper Marjum Formation, rhythmites are punctuated by thin, carbonate mud mounds to form rhythmite-mound parasequences. The Marjum parasequences have an average duration of 14-270 kyr using biostratigraphically controlled average sediment accumulation rates and parasequence thicknesses.
2 The mud mounds are composed of fenestral, stromatactoid-bearing peloidal microspar with sparse unoriented, unabraded and poorly sorted skeletal material. SEM observations indicate common submicrometre, calcitized bacterial(?) filaments/tubes. This combination of features along with the three-dimensional spacing of mud mounds on the sea floor and their symmetry suggests that the carbonate mud/peloids were precipitated and cemented in situ as a result of substorm wave base benthic microbial activity.
3 The concentrated growth of microbial communities across the study area is interpreted to have been controlled by periodic decreases in the amount of fine detrital carbonate transported offshore from the adjacent carbonate platform. In contrast, rhythmites, bioturbated limestones and cross-bedded limestones were deposited during periods of renewed detrital carbonate influx, lowering/weakening of the O 2 -minimum zone and/or lowering of storm wave base. Deposition of shale at the base of some parasequences also records periods of little or no detrital carbonate influx.
4 Coeval Middle Cambrian shallow-water carbonates (specifically within the Bolaspidella zone) throughout the Great Basin are characterized by stacked, metre-scale, upward-shallowing parasequences that have been interpreted to record high-frequency (10 4 )10 5 years) sea-level oscillations. The formation of these shallow-water parasequences coincident with the deposition of Marjum Formation parasequences, which have similar estimated durations, suggests that highfrequency sea-level oscillations also affected deep-water sedimentation patterns in the House Range embayment. During high-frequency sealevel rises, the carbonate factory along the northern margin of the House Range embayment retrograded northwards, increasing the transport distance between the deep-water study area and Deep-water stratigraphic cyclicity and carbonate mud mound development 1043 the factory, which resulted in less detrital carbonate being transported offshore to the embayment. The decrease in detrital carbonate input permitted the concentrated growth of benthic microbial communities and in situ carbonate precipitation in the form of micrite, peloids/clots and micritic cement (base of rhythmite-mound parasequences), or in the absence of microbial activity, shale was deposited to form the base of rhythmite-shale parasequences. During high-frequency sea-level falls and lowstands, the carbonate factory prograded southwards and lay closer to the study area, providing more detrital carbonate to the deep-water embayment, which resulted in the deposition of rhythmites. During superimposed third-order and high-frequency falls/lowstands, bioturbated limestone or crossbedded limestone was deposited in response to a sea-level-induced lowering (or weakening) of the O 2 -minimum zone and the lowering of storm wave base respectively.
5 When compared with many other deep-water Palaeozoic mud mounds, the Marjum mounds are conspicuously thinner and smaller in diameter, more closely spaced and laterally linked, occur in significantly greater abundance along single stratigraphic horizons and occur repeatedly (up to 14 times) throughout the deep-water succession (Table 3 ). In addition, each mud mound-bearing layer can be correlated over > 5 km distances, implying that they did not grow on local palaeotopographic features or sea-floor vents; rather, their growth within the embayment was controlled by more regional palaeoenvironmental conditions. Despite these geometric and stratigraphic differences, the Marjum mud mounds have features common to other Palaeozoic mud mounds including: (a) textures dominated by microbial lime mud and peloidal mud; (b) common stromatactoid (or stromatactis) structures; (c) evidence of syndepositional cementation/stabilization; and (d) a paucity of skeletal material (Table 3) .
6 Results from this study imply that Middle Cambrian sea-level changes affected shallowmarine sedimentation patterns through changes in water depth, as well as controlling the type and amount of offshore sediment delivery via carbonate factory progradation/retrogradation patterns. This interpreted sea-level control on offshore carbonate sedimentation patterns is particularly unique to Palaeozoic deep-water sediments because calcareous microfossils (planktonic foraminifera and coccolithophorids)
had not yet evolved to contribute their shells to deep-water environments. Once calcareous microfossils evolved in the Jurassic, the presence or absence of deeper water carbonates was influenced by a variety of chemical and physical oceanographic factors (nutrient supply, temperature, upwelling, chemistry, circulation) rather than just physical transport of carbonate muds.
